Abstract Zuni Salt Lake (ZSL) is a large maar in the Red Hill-Quemado volcanic field located in west-central New Mexico in the southwestern USA. Stratigraphic analysis of sections in and around the maar, coupled with optically stimulated luminescence (OSL) and accelerator mass spectrometry (AMS) 14 C dating, indicate that ZSL volcanic activity occurred between ∼13.4 and 9.9 ka and was most likely confined to a ≤500-year interval sometime between ∼12.3 and 11.0 ka. The basal volcanic unit consists of locally widespread basaltic ash fallout interpreted to represent a violent or wind-aided strombolian eruption tentatively attributed to Cerro Pomo, a scoria cone ∼10 km south of ZSL. Subsequent eruptions emanated from vents near or within the present-day ZSL maar crater. Strombolian eruptions of multiple spatter and scoria cones produced basaltic lava and scoria lapilli fallout. Next, a phreatomagmatic eruption created the maar crater and surrounding tephra rim and apron. ZSL eruptions ended with strombolian eruptions that formed three scoria cones on the crater floor. The revised age range of ZSL is younger and more precise than the 190-24 ka 2-sigma age range derived from previous argon dating. This implies that other morphologically youthful, argon-dated volcanoes on the southern margin of the Colorado Plateau might be substantially younger than previously reported.
Introduction
Zuni Salt Lake (ZSL) maar is the northernmost and possibly youngest vent in the Red Hill-Quemado volcanic field, a chain of flows, scoria cones, and maars between the Springerville and Zuni-Bandera volcanic fields in westcentral New Mexico (Fig. 1) . A radiocarbon age of 30,000-24,000 cal years BP (22,900 ± 1400 14 C years BP [A-739] ) (Bradbury 1967; Haynes et al. 1967 ) on stems of Chara sp.
(an aquatic, calcareous algae) from ZSL lacustrine deposits 15 m above the present lake level led Bradbury (1967) to conclude the ZSL maar formed before ∼27 ka. This date, however, is suspect because ZSL is partially fed by groundwater (Myers 1992) , and aquatic plants that utilize old carbon from groundwater or limestone during photosynthesis are subject to hardwater carbon-reservoir effects (Riggs 1984) .
McIntosh and Cather (1994) applied 40 Ar/ 39 Ar incremental heating and generated a ZSL age estimate of 86-114 ka from plateau ages of 114 ± 38 ka on a volcanic bomb and 86 ± 31 ka on ring intrusive volcanic rocks. The low precision of these dates is typical of Ar-Ar and K-Ar dates on basalts <100 ka. Late Pleistocene and Holocene basalts in the western USA often have low argon yields that result in 2-sigma errors >50% of the mean age (Turrin et al. 1991; Forman et al. 1994) . Excess 40 Ar from recycling or inheritance of older crystals, incomplete gas loss on eruption, parent-daughter mobility, and diffusive fractionation of 40 Ar/ 36 Ar can further Editorial responsibility: J. Taddeucci
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contribute to the large uncertainties often plaguing volcanic materials <100 ka old (McDougall and Harrison 1999; Blockley et al. 2008; Schmitt et al. 2012) . The ZSL argon ages have credible 40 Ar/
36
Ar isochron intercepts of ∼295, but high MSWD values of 2.7 and 5.2 suggest 39 Ar recoil and age overestimation because of excess 40 Ar (cf., Laughlin et al. 1994; Turrin et al. 1992) .
The ZSL crater and tephra ring are minimally dissected, and the scoria cones within the crater are sparsely vegetated, steep-sided (∼25°-33°), and nondissected ( Fig. 2) . ZSL maar surface soils are weakly developed (Patton et al. 1991) and appear on soil maps as Entisols formed in volcanic sediments (Natural Resources Conservation Service 2014). Although arid environments are conducive both to volcanoes retaining a youthful appearance and to slow soil formation rates, the geomorphic characteristics of the ZSL maar suggest that it might be substantially younger than 100 ka (e.g., Rittenour et al. 2012) . In this study, we explore whether AMS 14 C dating of organic matter insusceptible to reservoir effects and single aliquot regeneration optically stimulated luminescence (OSL) dating render geomorphologically and stratigraphically consistent age estimates for ZSL volcanic rocks.
Geologic context Red Hill-Quemado volcanic field
The Red Hill-Quemado volcanic field is located on the southern margin of the Colorado Plateau along the Jemez Lineament (Fig. 1) . McIntosh and Cather (1994) characterized the Red Hill-Quemado field as the least studied of the Jemez Lineament volcanic fields and divided its 40+ vents into late Miocene and Plio-Pleistocene groups. The Jemez Lineament is a northeast-trending alignment of Tertiary-Quaternary volcanic centers (Mayo 1958) . Magnani et al. (2004) argued that it represents a zone of crustal weakness associated with a Paleoproterozoic accretionary suture that is a conduit for magmatism.
Recent studies (e.g., Crow et al. 2010; Flowers 2010; Levander et al. 2011) suggest that lithospheric delamination and thinning attributed to extension in adjoining regions focused late Cenozoic upper mantle convection along the margins of the Colorado Plateau. This convection is thought to drive the replacement of lithosphere by upwelling asthenosphere and accounts for Neogene-Quaternary patterns of magmatism and differential uplift along the plateau margins. Strongly asthenospheric basalts along the southern Jemez Lineament are consistent with more pronounced lithospheric thinning that would facilitate the transfer of magma to the surface and be more susceptible to lithospheric replacement (Crow et al. 2010) .
Zuni Salt Lake maar
Maars are volcanic craters formed by repeated subsurface phreatomagmatic (magma-water) explosions fed by a pipelike diatreme conduit (Valentine and White 2012) . Maar craters extend below the pre-eruptive surface and are surrounded by a low rim of pyroclastic debris (White and Ross 2011; Valentine and White 2012) . Phreatomagmatic eruptions are highly explosive and typically include dilute pyroclastic density currents (base surges) resulting from eruption column collapse and crater growth through ejection of material and vent-wall slumping (Bradbury 1971; Valentine and White 2012) .
The ZSL maar formed on the southern valley margin of Carrizo Wash when rising magma encountered groundwater. The concentration of volcanic activity at ZSL might be related to crustal weakness along northeast-striking normal faults in Fig. 1 Location of Zuni Salt Lake (ZSL) maar and Jemez Lineament volcanic fields in the southwestern USA. State abbreviations include New Mexico (NM), Arizona (AZ), Utah (UT), Colorado (CO), Oklahoma (OK), and Texas (TX). Adapted from Ander and Huestis (1982) the area, including the Zuni Salt Lake Fault immediately northwest of the crater (Anderson 1994 ) and the Smith Spring Fault, which runs through the crater (Drakos et al. 2006) . The ZSL crater is ∼2 km wide and ∼100 m deep, with walls composed of Upper Cretaceous sandstone and shale of the Moreno Hill Formation (Anderson 1994 ). The exposed Fig. 2 a View into the Zuni Salt Lake crater from its south rim showing ∼40-50-m-high scoria cones on the crater floor and northern crater rim in the background. b View (facing north-northeast) of the maar tephra rim rising ∼30 m above the surrounding terrain. Santa Rita Mesa is in the background. c Stratigraphic section locations plotted on satellite imagery Cretaceous bedrock is underlain by Triassic and Permian formations and capped by Quaternary basalt formed before the maar eruption (Darton 1905; Bradbury 1967 Bradbury , 1971 Cummings 1968) . Phreatomagmatic tephra deposits form a low rim around the crater (Fisher and Waters 1970) (Fig. 2) . The crater contains three scoria cones, and a shallow saline lake covers the northern part of the crater floor (Fig. 2) .
Stratigraphy of Zuni Salt Lake maar area
Eight stratigraphic exposures on Bureau of Land Management and deeded land were key to interpreting and dating the volcanic history of ZSL (Figs. 2c and 3 ). These sections include five arroyo cuts, two crater-wall exposures, and one roadcut. Radiocarbon and OSL dating of samples from these profiles allowed us to directly and indirectly date the ZSL eruptions with moderate precision.
We identified eight stratigraphic units that reflect significant changes in geologic processes over short time periods. ZSL maar area stratigraphy is illustrated schematically in Fig. 4 . Basaltic ash tephra and tuff (Qv 1 ), basalt lava, welded spatter and clinkers, and scoria lapilli-fall (Qv 2 ) cap weathered sandstone bedrock (Kmh) along the crater margins. The maar tephra rim and apron consist of ejecta that thins radially away from the crater and caps Pleistocene alluvium (Qoa) or bedrock (Kmh). These tephra deposits are dominated by phreatomagmatic tuff and tephra (Qv 3 ) that mantles a thin layer of Qv 1 ash fallout. Deposits along the eastern margin of the maar crater floor are dominated by a thick accumulation of Qv 3 tuff capped by scoria lapilli-fall (Qv 4 ) and lacustrine rhythmites (Ql). Recent alluvium (Qya) locally caps the volcanic and lacustrine deposits. These strata are described in detail in the following sections.
Pre-eruption units

Moreno Hill Formation bedrock (Kmh)
Unit Kmh consists of Upper Cretaceous sandstone and shale of the Moreno Hill Formation exposed in the maar crater wall and at the base of some maar-apron sections (Fig. 4) (Anderson 1994) . The upper part of the bedrock is weathered and in places (e.g., sections 10-17 and 14-7) overprinted by a moderately to well-developed paleosol (Figs. 5 and 6; Online Resource 1). Along the southern maar crater wall, Kmh sandstone is capped by basalt (Qv 2 ) that baked and reddened the underlying sedimentary substrate as it cooled (Fig. 5) . The terracotta colors of the lava-baked sandstone contrast markedly with nearby, unbaked, pale brown Moreno Hill sandstone outcrops.
Older alluvium (Qoa)
Unit Qoa underlies the maar tephra apron and consists of sandy and muddy alluvium derived from upland sandstone and shale bedrock outcrops. A strongly developed soil profile is evident where Qoa surfaces were especially stable (e.g., at (Fig. 6 ; Online Resource 1), suggesting a Pleistocene age (cf., McDonald et al. 1996; McCraw and Williams 2012) . Elsewhere, unit Qoa contains as many as three weakly to moderately developed buried paleosols (compound soils) indicating less stable surfaces with more episodic deposition. At section 10-34, the uppermost Qoa soil is weakly developed ( Fig. 7 ; Online Resource 1).
Volcanic sequence
Basaltic ash tephra/tuff (Qv 1 )
Unit Qv 1 is a light gray, unconsolidated to weakly consolidated, poorly sorted, ash-fall tephra or tuff generally composed of very fine to very coarse basaltic ash. At Figure 3 includes overview photographs of these sections. Section locations are shown in Fig. 2c . U unconformity, d diastem section 10-17 in the southern wall of the maar crater, Qv 1 deposits unconformably cap Kmh bedrock and are ∼40 cm thick, massive, and pedogenically unaltered (Fig. 5) . Maar-apron exposures contain a typically 15-30-cm-thick ash layer that is similar to Qv 1 in the crater wall and that drapes the underlying paleosurface, unconformably capping weathered bedrock (Kmh) or Pleistocene alluvium (Qoa) (Fig. 6 ). Based on lithology and stratigraphic position, these apron occurrences appear correlative with Qv 1 at section 10-17. At section 10-34, Qv 1 deposits are ∼1-1.5 m thick (Fig. 7) . The basal 30-50 cm is very thinly to thinly bedded, locally cross-laminated, and is overlain by 20-80 cm of massive ash. The ash grades upward into a 25-50-cm-thick muddy layer overprinted by a weak soil with prismatic structure, gypsum precipitates, and carbonate filaments (Online Resource 1). Elsewhere on the maar apron where Qv 1 is thinner, soil formation is either absent or subtler, such as at section 12-14 where Qv 1 exhibits weak subangular blocky soil structure ( Fig. 6 ; Online Resource 1).
Basalt lava and scoria lapilli (Qv 2 )
Unit Qv 2 is usually an ∼6-11-m-thick layer consisting primarily of basaltic lava composed of welded basalt spatter. The degree of welding ranges from strong to weak. Where Qv 2 is exposed along the southern interior crater wall (sections 12-16 and 10-17), it is strongly welded and dense (Fig. 5) . The lava contains abundant, small plagioclase laths and olivine phenocrysts (Bradbury 1967) , scoria lapilli ghosts, signs of ramping and shearing, and pockets of weakly welded lapilli and blocks. Large horizontally elongated vesicles increase with depth, as does the content of pebble and small cobble sandstone and shale xenoliths. Breadcrust textures are evident at the lava's upper contact. At section 12-16, the basal ∼50-75 cm of Qv 2 consists of weakly to moderately welded, 8-50-cm-diameter blocks of vesicular basalt. At section 10-17, the bottom ∼20 cm of Qv 2 consists of weakly welded to loose, vesicular basalt, fine lapilli. The spatter vent that produced the Qv 2 deposits at these sections was closer to 12-16 (probably ∼100-200 m to the north) and appears to have been destroyed during later crater-forming eruptions.
Abutting the maar crater's southern rim, a small (∼25-mdiameter and 5-m-high) spatter cone composed of welded Qv 2 lies immediately east of section 16-4 (Fig. 8) . Here, weakly to moderately welded Qv 2 bomb and lapilli spatter is buried under ∼5 m of younger Qv 3 tephra and exposed by an arroyo cut. The spatter is composed mostly of spiny and blocky clasts of vesicular basalt and scoria (some of which appear to have Figure 3 includes an overview photograph of this section. Section location is shown in Fig. 2c flattened on impact) and includes occasional sandstone and cored clasts. A >50-cm-thick layer of loose, spiny scoria fallout lapilli fills a concavity in the surface of the welded spatter. This lapilli is composed mostly of 4-20-mm-diameter clasts, some of which have glassy surfaces.
A 30-cm-thick layer of scoria lapilli tephra at section 14-7, located 2 km east of the maar crater, was also correlated with Qv 2 based on its stratigraphic context and lithological characteristics (Fig. 6 ). This medium-bedded lapilli tephra consists mostly of 2-20-mm-diameter scoria clasts, with some accidental sedimentary clasts. At its base is a distinct, 6-cm-thick bed of spiny, finely vesicular clasts, many of which are glassy. The most plausible source of the section 14-7 Qv 2 lapilli is a small, low-angle scoria cone located 1.2 km to the westnorthwest.
Additional occurrences of Qv 2 include other areas along the crater wall and immediately to the east and south of the crater that Cummings (1968) mapped as Qb. Other basalt outcrops as far as ∼2 km north of the crater suggest the unit extends downslope toward Carrizo Wash (Bradbury 1967) . Although the various occurrences of Qv 2 are associated with multiple vents, they are probably roughly coeval.
Thinly bedded tuff (Qv 3 )
The maar tephra apron is composed primarily of unit Qv 3 (Fig. 4) . Unit Qv 3 is a weakly consolidated, thickly laminated to thinly bedded, fine ash-tuff interbedded with lapilli-tuff (Figs. 6, 7, and 8). In places (e.g., section 16-4), it consists of unconsolidated tephra. Scoriaceous and basaltic lithic clasts dominate, but cored clasts and sedimentary accidental clasts are locally common. This unit was described in detail by Fisher and Waters (1970) , who noted low-angle cross-bedding, round accretionary lapilli, and bomb-sag plastic deformation.
An ∼1-5-cm-thick layer of fine lapilli is present at the base of Qv 3 in many arroyo exposures south of the maar, including sections 12-14 and 10-34. This lapilli bed might be related to the basal ∼40 cm of Qv 3 at section 14-7, where the unit consists of scoria and basalt lapilli with more dense and shattered clasts than the underlying, spiny and more vesicular Qv 2 scoria lapilli (Fig. 6) .
Primary Qv 3 deposits are not altered by soil development. The buried soil at the top of unit Qv 1 at section 10-34, however, indicates that the Qv 1 -Qv 3 contact is unconformable (Fig. 7) . Qv 3 is thickest (∼35 m) at the maar rim (Fisher and Waters 1970) and thins outward to ∼1 m thick several kilometers away from the crater. Although we did not systematically map the spatial extent of Qv 3 , we noted Qv 3 tephra 2.3 km south, 5.5 km east, and 3.7 km west of the crater center.
Unit Qv 3 tuff also occurs inside the maar crater at section 13-6, where it is more than 10 m thick (Fig. 9) . The uppermost ∼60 cm of Qv 3 at this exposure is massive-in marked contrast to the underlying, distinctly bedded Qv 3 depositssuggesting that the upper part of Qv 3 might be reworked.
Scoria lapilli tephra and fluvial lapilli-tuff (Qv 4 )
At section 13-6, Qv 3 is overlain by an 80-cm-thick layer of loose, horizontally bedded scoria lapilli tephra fallout designated Qv 4 (Fig. 9) . Here, the basal centimeter of Qv 4 is welded, suggesting a nearby eruptive source. The lack of soil development on the underlying Qv 3 deposits suggests the Qv 3 -Qv 4 contact is conformable.
At section 10-34 on the maar apron, medium-to-thinly bedded lapilli-tuff caps Qv 3 ash tuff, and the contact is an erosional unconformity (Fig. 7) . Lithology and stratigraphic context imply that this lapilli-tuff is correlative with unit Qv 4 in the crater. Rounded sandstone pebbles and quartz sand are minor but significant components of the tuff that suggest it is a fluvial lapilli-tuff consisting of pyroclastic debris that was reworked by water shortly after the eruption.
Post-eruption units
Lacustrine rhythmites (Ql)
Found only within the maar crater, unit Ql conformably overlies unit Qv 4 scoria lapilli (Fig. 9) . Ql consists of thickly laminated to very thinly bedded couplets of diatomaceous marl and detrital mud or muddy sand. Unit Ql is ∼12 cm thick at section 13-6. At nearby section 13-5, situated ∼2 m lower in elevation, it is 1 m thick and slightly coarser grained. The Ql deposits at these exposures are probably at least roughly contemporaneous. Fossils identified within Ql deposits at these exposures include calcareous algae (Chara), mollusks, and ostracodes (Fig. 9 ). Landscape context, sedimentology, and fossil content indicate Ql deposits are lacustrine rhythmites situated ∼25 m above the present level of Zuni Salt Lake. Slopewash composed largely of reworked Qv 4 tephra overlies Ql and is intercalated with rhythmite lamina near its base.
Younger alluvium (Qya)
Maar-apron unit Qya deposits (e.g., at sections 14-7 and 12-14) consist of yellowish brown silty sand to sandy mud (Fig. 6 ). Unit Qya sand and gravel fractions consist mostly of quartz and sandstone, respectively, although varying amounts of volcaniclastic material are present. We interpret Qya to be alluvium derived primarily from similarly colored sedimentary bedrock detritus eroded from nearby hillslopes. Qya deposits include paleochannel fills inset into the older units (Fig. 4) .
Maar-apron soils mapped by NRCS and presumably formed in unit Qya alluvium consist mostly of Hubbell series Ustic Torriorthents (Natural Resources Conservation Service 2014). These very weak soils suggest that Qya deposits are recent or that erosion impeded soil development or removed soil horizons. The Entisols associated with unit Qya suggest a Holocene age based on extensive radiocarbon dating of organic material from similar piedmont soils and paleochannel fills 4-10 km south of ZSL (Huckleberry and Duff 2008; Onken 2015) .
Eruptive history and interpretation of stratigraphic sequence
Volcanic activity in the ZSL area began with an eruption that blanketed exposed sandstone bedrock (Kmh) and older alluvial surfaces (Qoa) with basaltic ash tephra and tuff (Qv 1 ). The Qv 1 vent is unknown, but the tephra's fine grain size and distribution (>36 km 2 ) suggest that it is fallout ash produced by a violent strombolian (as defined by Valentine and Gregg 2008) or wind-aided strombolian eruption. Explosive strombolian eruptions usually end within a year but may last as long as 15 or more years (Luhr and Simkin 1993; Elson et al. 2007 ).
Qv 1 deposits at section 10-34 are unusually thick. Here, we interpret the bedded, basal 30-50-cm portion draping the underlying paleosurface as primary fallout ash and the overlying cross-laminated and massive deposits as reworked eolian and fluvial tephra. The closer proximity of section 10-34 to upland slopes compared to the other maar apron study sections probably contributes to the thick reworked deposits at this location (Fig. 2c) . Similarly, somewhat thicker than typical Qv 1 deposits at section 10-17 might be explained by nearby slumped and deformed Qv 3 deposits which suggest that this area was a paleotopographic low spot. Although the Qv 1 vent may have been in the ZSL crater footprint and destroyed by later eruptions, an ∼13.4 cal ka 14 C date on charcoal collected beneath similar, ∼50-cm-thick primary ash fallout ∼10 km south of ZSL near the Cerro Pomo scoria cone suggests that it is the Qv 1 source.
The next phase of volcanic activity consisted of strombolian eruptions at Qv 2 vents within an ∼2.5-km radius of the present ZSL crater center. These eruptions resulted in multiple small spatter cones, lava flows, and scoria cones. Less widespread than the preceding Qv 1 fallout tephra, Qv 2 deposits include basalt lava and spatter fallout erupted during lava fountaining, clinkers that fell off flow surfaces and were covered by the advancing lava, and scoria lapilli fallout. Conformable contacts between Qv 1 and Qv 2 deposits at sections 14-7 and 10-17 suggest the associated eruptions occurred in rapid succession, probably less than a century apart.
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At section 10-34, a paleosol formed in reworked Qv 1 tephra mixed with sediment derived from weathered shale bedrock on nearby hillslopes. This paleosol's soil structure and secondary carbonates could be interpreted to indicate that several millennia separate the eruptions represented by the underlying Qv 1 ash fallout and the overlying Qv 3 tuff. Rosette gypsum crystals in this soil, however, indicate a seasonally high water table and imply a groundwater origin for the soil carbonate. Unlike pedogenic carbonate, groundwater carbonate is a poor indicator of the duration of the soil-forming period. Similarly, soil structure can develop rapidly in fine-grained, seasonally wet parent material, and the Qv 1 soil probably formed much faster than its morphology suggests. Therefore, soil formation in the section 10-34 vicinity was probably restricted to a brief period overlapping with the more spatially limited eruptions that produced Qv 2 deposits.
After the strombolian eruptions associated with Qv 2 ended, volcanic activity resumed with a shift to maar-forming, predominantly hydrovolcanic eruptions associated with Qv 3 . Fisher and Waters (1970) interpreted Qv 3 tephra as base surge (dilute pyroclastic density current) deposits based on characteristics including low-angle cross-bedding, round accretionary lapilli, and bomb-sag plastic deformation. More recently, Ennis et al. (2007) characterized Qv 3 eruptions as alternating b e t w e e n h y d r o c l a s t i c a n d s t r o m b o l i a n s t y l e s . Phreatomagmatic events can consist of several hundred to thousands of individual eruptions, and each pulse may be associated with vertical aggradation of the tuff ring and incremental expansion of the crater by excavation and collapse (Lorenz 2007; Valentine and White 2012) . Phreatomagmatic activity at ZSL presumably began when rising magma interacted explosively with groundwater. Shifts between magmatic and phreatomagmatic eruptive styles may be related to multiple vents with varied eruptive processes or from changing magma or groundwater fluxes (Lorenz 2007; Valentine and White 2012) . Historical observations suggest most maar eruptions last weeks to decades (Lorenz 2007; White and Ross 2011) .
Shortly after the phreatomagmatic eruptions ended, magmatic eruptions formed three small scoria cones on the maar crater floor. We interpret Qv 4 as lapilli tephra fallout associated with these terminal, strombolian eruptions. The shift in the dominant eruptive style may have been the result of significantly depleted groundwater reserves, shifting vents, or changing magma or water fluxes (Valentine and White 2012) . The absence of soil development on the Qv 3 tuff where it underlies Qv 4 scoria lapilli fallout on the margin of the crater floor at section 13-6 implies that the phreatomagmatic activity segued directly to scoria-cone eruptions, similar to the eruptions at Tecuitlapa Maar in Mexico (Ort and Carrasco-Núñez 2009) . Thus, from a geochronologic standpoint, units Qv 3 and Qv 4 are probably roughly synchronous.
Following the Qv 4 eruptions, groundwater filled the ZSL maar crater and formed a >25-m-deep lake with water levels approximating the local groundwater table at that time. The conformable contact between Qv 4 and Ql suggests little time (less than a century) elapsed between the crater scoria cone eruptions and the crater-lake highstand.
Geochronology Radiocarbon dating
Radiocarbon dating is well suited for volcanic rocks younger than ∼45 ka, but in arid environments, dateable organic matter is often absent in contexts relevant to the age of volcanic eruptions (Laughlin and WoldeGabriel 1997) . We found 14 C-dateable organic matter in stratigraphic contexts relevant to the timing of the ZSL eruptions only at section 10-34. Scattered flecks of detrital charcoal were concentrated in the uppermost ∼5 cm of the two tephra-capped paleosols (Fig. 7) . Four charcoal samples recovered from these paleosols were analyzed by a paleobotanist, pretreated (standard acid-baseacid [ABA]) to remove contaminants, and then 14 C-dated by accelerator mass spectrometry (AMS) ( Table 1) . To convert 14 C ages to calendar years, we used Oxcal v. 4.2 (Ramsey 2009 ), which utilizes the IntCal13 calibration curve (Reimer et al. 2013 ).
14 C dates in this discussion are expressed in cal years BP with 1-sigma error.
Charred wood from the top of the Qoa paleosol immediately beneath unit Qv 1 tephra yielded an age of 13,460 ± 70 cal years BP (AA-102039), whereas charcoal somewhat deeper in the paleosol produced an age of 14,855 ± 155 cal years BP (AA-104627). The two Qoa 14 C dates provide a maximum age limit for Qv 1 . Charred wood from the top of the Qv 1 paleosol immediately below Qv 3 tephra deposits yielded 14 C ages of 11 , 9 4 0 ± 1 2 0 c a l y e a r s B P ( A A -1 0 1 8 8 5 ) a n d 12,210 ± 170 cal years BP (AA-102038). These dates provide a maximum age limit for the overlying Qv 3 tuff. If the dated charcoal associated with the Qv 1 soil was not reworked from older deposits or derived from especially long-lived trees, the four 14 C dates collectively bracket the age of the Qv 1 tephra between ∼13.4 and 11.9 ka.
Luminescence dating
OSL has recently become a viable alternative to argon methods for dating volcanic events younger than ∼200 ka. OSL ages reflect when electrons trapped in defects in the crystal lattice of quartz or feldspar grains were last released by exposure to sunlight, high temperatures (≥300°C), or highpressure shockwaves (Aitken 1998; Preusser et al. 2011) . OSL-dateable volcanic deposits include baked paleosols and sediments underlying flows (Duffield et al. 2006; Shaanan et al. 2011) , quartz-rich xenoliths and xenocrysts (Rittenour et al. 2012) , hydroclastic tuffs (Cheong et al. 2007; Preusser et al. 2011; Shaanan et al. 2011) , and lacustrine deposits in maar craters (Schmidt et al. 2009; Rieser and Wüst 2010; Wilkins et al. 2012; Houben et al. 2013) .
Five samples from ZSL were analyzed using the singlealiquot regeneration (SAR) method of OSL dating (Murray and Wintle 2003) (Table 2 ). The SAR protocol yielded individual OSL ages for ZSL by averaging 27 to 39 separate equivalent doses from respective aliquots of quartz grains (Murray and Wintle 2003) and employing a central age model. Optical ages are reported in years prior to AD 1950 to simplify comparison with calibrated radiocarbon ages. Online Resource 2 contains additional information regarding the OSL dating methods.
The Kmh sandstone beneath the Qv 2 basalt lava at crater wall section 12-16 is yellowish red (Munsell 5YR 5/6), suggesting that it was baked by the lava flow (Fig. 5) . Two OSL dates <35 cm beneath the Kmh-Qv 2 contact yielded OSL ages of 12,910 ± 835 years (UIC3422) and 12,520 ± 860 years (UIC3474) (Fig. 5) . Exposure to temperatures ≥300°C for several minutes thermally resets the luminescence signal of sediment (Forman et al. 1994) , and a lava flow cap protects the substrate from subsequent light exposure.
Thick basal rubble zones can inhibit the penetration of heat from cooling lava into the substrate. Forman et al. (1994) modeled heat transfer from lava flows into the substrate under various conditions. Under circumstances of a 10-m-thick lava flow, their modeling predicted that the 400 and 300°C isotherms would extend 2.8 and 1.2 m, respectively, into a substrate capped by a <1-m-thick chilled rubble zone. This suggests that the 10-m-thick lava flow underlain by 50-75 cm of weakly to moderately welded rubble at ZSL section 12-16 would result in sufficient heat transfer to completely reset the luminescence signal of at least the upper meter of the sandstone substrate. Therefore, we believe that the two OSL dates at section 12-16 reflect the Qv 2 lava flow's age.
Two OSL ages indicate the age of the Qv 3 tuff. The top of the reworked Qv 1 paleosol at profile 10-34 is associated with an age of 10,420 ± 765 years (UIC3476) that represents when the surface was buried by the Qv 3 tuff (Fig. 7 ). An OSL age of 10,250 ± 805 years (UIC3421) from 40 cm above the base of Qv 3 supplied a second luminescence age estimate. The mechanism emptying the electron traps in phreatomagmatic tuffs could be heat, sunlight, high-pressure shock waves, or a combination of these. It is debatable whether sufficient heat is transferred to the quartz grains during phreatomagmatic eruptions to reset the signal (Preusser et al. 2011; Shaanan et al. 2011) . Quartz and feldspar grains of volcanic origin often yield erroneously young ages because their luminescence signal is susceptible to anomalous fading. However, because phreatic eruptions disaggregate country rock and produce shock waves that can reset the luminescence signal in quartz and feldspar minerals by thermally assisted mechanoluminescence (i.e., a combination of heat and high pressure), luminescence dating of quartz or feldspar grains from fragmented sedimentary country rock incorporated into tuffs during maar eruptions can minimize or circumvent this problem (Preusser et al. 2011) .
Unit Ql lacustrine deposits within the crater at section 13-5 produced a luminescence age of 10,935 ± 980 years (UIC3475) (Fig. 9) . The OSL signal of detrital quartz grains (Reimer et al. 2013) within these deposits was reset by sunlight. This date provides a minimum age constraint for Qv 4 .
Chronology of eruptions
The only direct dates on the ZSL volcanic rocks are relatively low precision OSL ages. To refine the ZSL eruption chronology, we constructed a simple age model with OxCal v. 4.2 (Ramsey 2009 ). OxCal allowed us to use Bayesian statistics to integrate the available chronometric and stratigraphic constraints and trim the probability distributions associated with the ZSL 14 C and OSL ages, thereby refining the timing of the eruptions. This technique is especially helpful when age distributions overlap (Lienkaemper and Ramsey 2009) , as is the case with the ZSL chronometric data. Figure 10 graphs the modeled ages relative to the 14 C and OSL dates, and Online Resource 3 contains the Oxcal code and output for the model. In this code, the known stratigraphic relations are enforced by the sequence of events in the ZSL volcanic history, and the OSL and 14 C ages are placed in this sequence according to their temporal relation to the various events. In the age model, the maximum age limit of Qv 2 (and Qv 1 ) is constrained by two 14 C dates associated with Qoa. Two OSL dates on lava-baked Kmh sandstone indicate the age of Qv 2 . The age of Qv 3 is similarly represented by two OSL dates, while its maximum age limit is constrained by two 14 C dates associated with the upper part of the Qv 1 paleosol. The age of Ql is indicated by a single OSL date that additionally provides a minimum age limit for Qv 3 and Qv 4 . The model's various indices measuring how well it fits the data are all satisfactory, suggesting that the model is sound.
Using the Oxcal-generated, 2-sigma age ranges of the stratigraphic units, in conjunction with additional assumptions and logical arguments outside the model, we were able to further refine the age of the units ( Fig. 10b ; Table 3 ). The Oxcal model suggests 2-sigma age ranges of 13.4-11.2 ka for Qv 2 (and Qv 1 ) and 11.8-9.9 ka for Qv 3 (and Qv 4 ). The conformable contact between Qv 2 and Qv 3 at sections 14-7 and 16-4 implies that these two eruptions occurred in rapid succession; thus, we assumed any hiatus between them lasted less than a century. Therefore, the contact between Qv 2 and Qv 3 probably dates between 11.8 and 11.2 ka. Conformable contacts between units Qv 2 , Qv 3 , and Qv 4 and the types of volcanic eruptions represented suggest that these eruptions probably all occurred within a 500-year span and that Qv 3 and Qv 4 likely occurred within a 200-year span. This suggests that Qv 2 eruptions occurred sometime during the 12.1-11.2-ka interval and Qv 3-4 eruptions occurred sometime within the 11.8-11.0-ka interval. Finally, Qv 1 tephra buried by Qv 2 deposits at sections 14-7 and 10-17 appears uneroded and unaffected by soil formation processes, suggesting that less than a century separates the Qv 1 and Qv 2 eruptions. Therefore, by additionally assuming the Qv 1 eruption lasted a century or C dating indicate the volcanic deposits at ZSL date between ∼13.4 and 9.9 ka. When stratigraphic contacts between the volcanic units and typical durations of the types of eruptions represented are factored in, a conservative interpretation of the data is that the eruptions took place during a ≤500-year-long interval between ∼12.3 and 11.0 ka. That said, we suspect that (1) the ZSL eruptions producing units Qv 2-4 were confined to a considerably shorter period perhaps only a few years long, and (2) the Cerro Pomo(?) eruption producing Qv 1 lasted less than a year and took place less than a century or so before the Qv 2 eruptions.
Geochronological implications
The revised, terminal Pleistocene to early Holocene ZSL eruption ages suggest other Red Hill-Quemado field vents with similar geomorphic traits (i.e., steep, minimally dissected scoria-cone slopes and negligible soil formation) also may be substantially younger than suggested previously by argon dating. Such vents include Red Hill (20 km southwest of ZSL) and Cerro Pomo (10 km south of ZSL), both scoria cones with associated basalt flows. Red Hill has a K-Ar age of 1.03 ± 0.22 Ma (Minier et al. 1988 ) and an 40 Ar/ 39 Ar age of 71 ± 12 ka (McIntosh and Cather 1994) . Cerro Pomo has K-Ar ages of 1.35 ± 0.21 and 0.50 ± 0.19 Ma (Minier et al. 1988) . We are presently re-evaluating the ages of these two vents using 14 C and OSL dating. Besides ZSL, only a few other Jemez Lineament eruptions-all in the adjacent Zuni-Bandera volcanic field ∼85 km to the northeast-have isotopic ages younger than ∼15 ka (Figs. 1 and 11 ). These young vents include South Paxton Springs flow (15.0 ± 1.0 ka; 36 Cl), Bandera Crater (11.25 ± 0.05 ka; 14 C on isolated charcoal fragments from soil buried by scoria deposits), and McCarty's flow (3.15 ± 0.07 ka; 14 C on charred roots from underlying soil) (Laughlin et al. 1994; Laughlin and WoldeGabriel 1997; Baldridge 2004; Dunbar and Phillips 2004 ). An anomalously old 40 Ar/ 39 Ar date of 41 ± 7 ka on Bandera (McIntosh 1994) was attributed to excess argon in the magma at the time of eruption (Laughlin and WoldeGabriel 1997; Dunbar and Phillips 2004) . It is noteworthy that when the 2-sigma age ranges are considered, the ZSL eruption dates overlap with both the South Paxton Springs and Bandera eruptions, suggesting a cluster of latest Pleistocene to early Holocene eruptions along this part of the southern margin of the Colorado Plateau. Although it is possible that these three eruptions were closely spaced or coeval, they may have been separated by several millennia.
Conclusions
Radiocarbon and OSL dating support a latest Pleistocene to early Holocene age for volcanic activity at ZSL. The eruptions that produced the volcanic units at ZSL occurred between ∼13.4 and 9.9 ka and were most likely confined to a 500-year or less interval between ∼12.3 and 11.0 ka. The basal volcanic unit consists of a locally widespread, thin layer of basaltic ash fallout (Qv 1 ) interpreted to be the result of a violent or wind-aided strombolian eruption. Although the vent producing this fallout may have been destroyed by subsequent ZSL eruptions, its source might be Cerro Pomo, a scoria cone and basalt flow located 10 km south of ZSL. Subsequent strombolian eruptions of spatter and scoria cones concentrated in the area immediately surrounding present-day ZSL produced basalt lava, welded spatter, and scoria lapilli (Qv 2 ). The dominant ZSL eruptive regime then changed from magmatic to hydrovolcanic during maar-forming eruptions that produced a thick apron of phreatomagmatic tuff (Qv 3 ) surrounding the ZSL crater. Volcanic activity at ZSL concluded with strombolian eruptions within the maar crater that created three scoria cones (Qv 4 ). Groundwater then filled the crater, forming a lake that was at least 25 m deep during its high stand at ∼11 ka. Changing magma or water fluxes or shifting vents probably drove shifts in the ZSL eruptive regime.
The ZSL eruptions are similar in age to the South Paxton Springs and Bandera eruptions in the adjacent Zuni-Bandera volcanic field. The terminal Pleistocene to early Holocene Fig. 11 Ages of known latest Pleistocene and Holocene eruptions from Jemez Lineament vents. The thick lines indicate 1-sigma age ranges, whereas the thin lines depict 2-sigma ranges. Portion of ZSL age range shaded red indicates ∼12.3-11.0-ka interval when ZSL eruptions most likely occurred based on assumptions outlined in Fig. 10 ages we established for the ZSL eruptions indicate that their age was overestimated by prior argon dating. Similarly, hardwater reservoir effects caused an earlier radiocarbon dating attempt on aquatic carbonates to be anomalously old. Our findings suggest that other morphologically youthful, argondated volcanoes on the southern margin of the Colorado Plateau might be substantially younger than previously reported.
